Batch and continuous production of the extracellular heme glycoprotein chloroperoxidase (CPO) was studied with an airlift fermentor. We induced Caldariomycesfumago CMI 89362 to form pellets by transferring a small inoculum volume in preculture prior to growth in a 1-liter fermentor. Continuous replacement of the fructose-salts medium (dilution rate, 0.008 h-l) supported continuous CPO formation at an average concentration of 128 + 10 mg of CPO liter-' for 8 days. Optimum CPO production rates averaged 1.2 + 0. The use of enzymes in industry is increasing, but potential problems may arise in the economic scaleup of their production (13) . Studies are needed to investigate alternative methods for the production of kilogram quantities of enzymes. Fungal extracellular enzymes present particular problems in that fungi often grow slowly and long periods are needed before a productive mycelium is available. In batch culture enzyme is released into the culture supernatant; and then the supernantant is harvested and the mycelium is discarded. In view of the time that it takes to grow the productive fungal culture, batch production of enzymes may not be the most efficient and cost-effective means, yet only a few studies have been carried out on continuous enzyme production by fungi (7, 12, 14, 17) .
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Chloroperoxidase (CPO) is an extracellular enzyme from the sooty mould Caldariomycesfumago which can catalyze the formation of various halides and halohydrins (8) and which has a potential for the removal of phenolic compounds from wastewater (1, 2) . The enzyme has been produced by free hyphae in a shake flask batch culture (10, 18) or a roller bottle culture (19) and by hyphae immobilized in K-carrageenan by using a semicontinuous shake flask culture (3) . Since the use of mycelial pellets has been shown to offer several advantages, including improved mixing characteristics and easier downstream processing (9) , and the reuse of productive mycelium has shown promise in semicontinuous shake flask culture (3), we decided to investigate continuous CPO production using mycelial pellets in an airlift fermentor. 12 h.
MATERIALS AND METHODS

Microorganisms
To relate enzyme production to biomass, a growth curve was constructed by using four similar fermentors. These were harvested separately at times when each had a different settled volume of pellets, to relate settled pellet volume to mycelial dry weight. For a given inoculum size, the dry weight followed the increase in the settled volume of pellets (r = 0.98) in the fermentor up to a pellet volume of 130 ml. These data were used to calculate the specific production rate of CPO from continuously fed cultures (see Fig. 2 ).
Supernatant samples from the fermentor were centrifuged (3,000 x g, 10 min), to remove traces of shed mycelium, and supernatants were stored at -20°C. pH and enzyme, sugar, nitrate, and pigment concentrations were determined for the supernatant samples. Enzyme activity was determined kinetically by measuring the chlorinating activity of CPO, as described previously (18), and is expressed as milligrams liter-' (3) . Pigment levels were monitored at 575 nm by using potassium phosphate-H3PO4 buffer (20 mM, pH 5.5) as diluent and blank. CPO is the single extracellular protein produced by these cultures, but contaminating pigment causes problems in enzyme purification and minimal production is sought (18) . Fructose concentrations in the supernatant were determined by using a total carbohydrate assay (5) . Nitrate levels were determined analytically by reduction to nitric oxide, which was measured through its chemiluminescence reaction with ozone by using a chemiluminescent NOX analyzer (22) .
RESULTS
Inoculum preparation. The effect of inoculum size on enzyme production levels, mycelial morphology, and the time taken to reach maximum enzyme levels was studied by using shake flask cultures of C. fumago in PFS medium. Large inocula resulted in a more rapid accumulation of CPO in the supernatant, but the final levels attained after 14 days of growth (120 mg of CPO liter-') were the same as those in the cultures with small volumes of inoculum. The mycelial morphology of small inocula resulting from 75 to 100 mg (wet weight) of mycelial biomass in 200 ml of PFS medium consistently gave rise to pellets. Large inocula (above 200 mg/200 ml of medium) resulted in an amorphous, viscous mycelium after growth for 1 week. From time to time C. fumago failed to produce the expected enzyme levels in the medium; this occurred most often with large inocula when the culture grew as a pale grey-green, viscous slurry.
Continuous production of CPO by mycelial pellets. Twentyfive experiments were carried out, each of which lasted between 10 and 30 days, to determine the effects of various experimental parameters on continuous CPO production when one to five airlift fermentors were used. In most cases the experiments were carried out 2 or 3 times, and a representative set of data is presented. In an initial series of experiments, the inoculum volume was varied from 1 to 9% by using five fermentors. At high inoculum densities, the preconditioning time was reduced but the level at which the enzyme stabilized after the initial drop was consistently between 45 and 55 mg of CPO liter-'. By using hyphae immobilized in K-carageenan (3), a parallel series of experi- ments produced almost identical results. A single continuous production time course is presented in Fig. 1 , in which a 3% (vol/vol) mycelial pellet inoculum was used. After 7 days of batch culture, the CPO level rose to 94 mg liter-', at which point continuous medium addition and removal began (dilution rate, 0.023 h-1). The CPO level closely followed the theoretical washout curve, which assumed that there was no CPO production, for 45 h and then began to rise, stabilizing at about 45 mg of CPO liter-'. Nitrate (92% of feed value, ±+3%), pH (4.8), and pigment (A575 = 0.1 + 0.02) values were relatively constant throughout all these experiments. During this period only the carbohydrate content of the effluent showed any significant change, rising to the ingoing medium concentration transiently during the initial period, followed by a slow decline. The pellet diameter size increased from 0.5 cm at the onset of medium replacement to about 1.2 cm at the time (130 h) that the enzyme reached the steady state. The biomass content of the fermentors could not be determined at a particular time during an experiment. However, the inoculum size and the increase in pellet size were noted, and the biomass was recorded as settled pellet volume, as described above. The final biomass yield from each fermentor was determined at the end of the experiment. From 2 to 5% of the mycelium sloughed off the pellets during the course of an experiment, and occasionally, mycelium was withdrawn with the sample, making centrifugation of the sample necessary.
Reduction of the fructose concentration in the medium from 4 to 2% had little effect on enzyme production levels. Effect of dilution rate on continuous enzyme production. The effect of medium dilution rate on the concentration of CPO in the effluent is shown in Fig. 2 . The average steadystate concentration of enzyme produced by continuously fed cultures, which was reached after the passage of 3 to 4 retention times (16, 17) , varied inversely with the dilution rate of the growth medium. Moderate dilution rates, from 0.025 to 0.040 h-1, produced CPO levels of 20 to 40 mg liter-'. When the dilution rate was increased threefold, to 0.120 h-1, low levels of CPO in the effluent resulted, while at dilution rates below 0.015 h-1 enzyme levels approached those obtained during preconditioning. Low dilution rates (0.025 h-1 or less), produced the highest levels of continuous enzyme production. At dilution rates below 0.033 h-1, the rate of enzyme production was relatively constant at 1.2 ± 0.1 mg of CPO h-1. At low to moderate dilution rates (up to 0.065 h-1), the specific CPO production rate was constant, as shown in the upper curve in Fig. 2 , but dropped significantly at the higher dilution rates (0.120 h-1). Based on this rate of production at slow dilution rates, the minimum time required for a conditioned slow-feed culture to produce an amount of CPO equivalent to batch system levels would be 11.5 days.
Preconditioning was not found to be a requirement for continuous enzyme production. When medium replacement began at a low rate (dilution rate, 0.015 h-1) at the time of inoculation, the steady-state CPO concentration in the effluent was 80% of that in a parallel batch culture (Fig. 3) . This result was similar to that of the conditioning experiments, in which enzyme levels were first allowed to climb above 100 mg of CPO liter-' before medium addition and removal began. However, when the dilution rate was increased to 0.026 h-1, the steady-state enzyme level in the effluent rose to only 35 to 40 mg liter-', which was similar to that achieved after preconditioning (Fig. 2) .
DISCUSSION
The formation of pellets is a recognized characteristic of some fungi growing in submerged culture. Pellet formation depends on a number of factors, including spore surface charge and spore density in the inoculum. It also depends on physical factors, such as agitation and aeration rates. Fungal morphology, in turn, influences growth rate, biomass yield, and substrate utilization (11, 20, 21) . In some cases, such as amylase production by Aspergillus niger, product formation is reduced by pellet formation, presumably because of oxygen limitation (6), but citric acid production by this organism is favored by growth as pellets (9) . We found that formation of CPO by C. fumago is enhanced by a particulate morphology and is reduced when it is grown as dispersed, free hyphae. By using low volumes of homogenized mycelium as inocula (16) , pellets of mycelium were produced which retained their form and ability to produce CPO during long periods of cultivation in an airlift fermentor. Mycelial pellets have also been shown to affect the culture rheology, which may then affect the final enzyme yield (4, 16) . The conditions used to generate particulate inocula in this study also led to reduced pigment and viscosity and more easily separated biomass, characteristics which aid downstream processing (18) .
Semicontinuous production of CPO by K-carrageenanimmobilized C. fumago has been demonstrated by using shake flasks (3) . In that study (3) , CPO-producing cultures were maintained over 4 months with medium replacement, until the beaded cultures had grown so much that shaking caused continual shedding of mycelial fragments. Batch airlift fermentor cultures also produced high levels of CPO under semicontinuous conditions; a single batch of K-carrageenan-immobilized hyphae was used in four consecutive fermentor cultures over a period of 2 months, with there being little shedding and no sign of decreasing ability to synthesize CPO. Immobilized hyphae and mycelial pellets were found to produce similar high enzyme levels; the drawbacks associated with the manipulations required for immobilization in K-carrageenan were offset in part by the consistent size of the resulting beads. This study reports experiments with mycelial pellets generated by inoculum manipulation, but many of the data have been repeated in a parallel set of experiments in which K-carrageenanentrapped hyphae were used (3). After preconditioning by batch culture to 100 mg of CPO liter-', continuous CPO production has been demonstrated at 40 to 50 mg liter-' at dilution rates below 0.033 h-1. The fungal pellets used in this study were not resting cells; enzyme production was growth related. In shake flasks and batch fermentors, CPO was produced early on in the culture but reached a maximum level near the end of the increase in biomass (3, 18) . In continuously fed fermentor cultures, CPO eventually reached a constant concentration in the effluent.
There have been few reported studies of continuous enzyme production by fungi. In an examination of cellulase production by K-carrageenan-immobilized Trichoderma reesei (7), it was shown that cellulase could be produced in significant amounts (26 IU/liter per h), at dilution rates of 0.01 h-1, and like CPO in a continuously fed culture, cellulase was produced without a lag time. Continuous cultivation of Trichoderma viride was also carried out on cellulose when dilution rates of 0.033 to 0.080 h-' were used (17) . Under steady-state conditions, 50 to 75% of the cellulose was consumed and the specific cellulase productivity was fairly independent of the dilution rate; these data are similar to those presented here. In studies on the semicontinuous and continuous production of ligninases by the white rot fungus Phanerochaete chrysosporium, it was shown that lignin peroxidases could be produced in submerged culture, and immobilized mycelium was reused in up to 12 batch cycles (22) . Our study confirms this potential for reuse of productive mycelium.
In a batch fermentor culture with mycelial pellets, CPO levels of 280 ± 80 mg liter-1 were routinely produced, but on two occasions 400 mg liter-1 were achieved; these are the highest reported CPO production levels to our knowledge. We conclude that both K-carrageenan-immobilized mycelium and mycelial pellets are effective methods of maintaining fungal biomass for use in continuous CPO production. The ability to maintain and reuse productive fungal biomass may well have future applications in the large-scale production of fungal enzymes.
